In the United States, the population of individuals older than 80 years is expected to double in the next 40 years. Cardiovascular comorbidities are prevalent in this older old population, and their relationship with hearing loss has not been well characterized.
H earing loss in elderly persons is a public health concern that is of increasing importance as the global population ages. Left untreated, hearing loss leads to diminished quality of life and has been associated with overall morbidity and mortality, as well as greater cognitive decline. 1, 2 It is estimated to affect more than half of the adults older than 75 years in the United States, a population that is expected to double over the next 40 years. 3, 4 Research in age-related hearing loss (ARHL) has commonly grouped together individuals older than 70 years. Recent studies of hearing loss in the older old, defined as individuals older than 80 years, noted that it differs in critical ways from the younger-old group. 5 In addition to noting the ubiquitous nature of hearing loss in the older old, the investigators observed an increase in the rate of hearing loss in patients during the 10th decade of life compared with the ninth decade at all frequencies, representing a fundamental change that occurs along the course of ARHL. Age-related hearing loss, which is hearing loss due to normal aging processes and likely genetically influenced, 6 must be distinguished from sensorineural hearing loss that may accumulate with age but is not a result of normal aging. Other factors that may affect auditory function include medical comorbidities, nutritional status, and noise-induced hearing loss. While the individual effects of each cause of hearing loss are often difficult to distinguish, it is important to study non-ARHL etiologies because there may be modifiable risk factors to hearing loss that can relieve disease burden if addressed.
This study investigates the association between several cardiovascular comorbidities and hearing loss in the older old. The comorbidities-hypertension, type 2 diabetes, smoking, coronary artery disease (CAD), and history of cerebrovascular accident (CVA)-are vascular disease conditions that are all thought to ultimately impair hearing by compromising the blood supply to the cochlea, which is highly sensitive to disruptions of flow due to its high nutritive demand. 4 Understanding the effect of these cardiovascular diseases on hearing would aid clinicians in preventing hearing loss by addressing its modifiable risk factors, better serving the needs of this rapidly growing segment of the elderly population.
Methods

Patients
A retrospective review of medical records was conducted for 433 patients between the ages of 80 and 106 years from cases encountered between 2001 and 2014. The institutional review board of Columbia University approved a search based on the criteria of (1) having an audiogram on file in the Department of Otolaryngology-Head & Neck Surgery and (2) being older than 80 years at the most recent audiogram. Due to the retrospective nature of the study, informed consent was waived. Participants with retrocochlear disease (eg, vestibular schwannoma) or any noncardiovascular diagnoses that may impair hearing such as connective tissue disease (eg, Alport syndrome, Paget disease of the bone) were excluded from the study.
Audiology
The hearing loss data collected from each audiogram included hearing thresholds measured in decibels hearing level (dB HL) at 0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz, as well as the word recognition score (WRS). The audiologist's assessment of the type of hearing loss was also recorded. For each patient, the mean of the hearing thresholds at 0.5, 1, and 2 kHz was calculated and termed the low-frequency pure-tone average (LFPTA) to distinguish it from a high-frequency pure-tone average (HFPTA), similarly calculated from the thresholds at 3, 4, 6, and 8 kHz. Patients were represented by the better threshold or pure-tone average of 2 ears.
Comorbidities
The sex of each participant was noted, and the remainder of the medical record was examined for comorbidities related to hearing loss. The comorbidities investigated were all forms of cardiovascular disease or risk factors (hereafter referred to as cardiovascular disease [CVD] ): (1) CAD, (2) diabetes, (3) history of CVA, (4) hypertension, and (5) smoking. Coronary artery disease was defined as having angina, a prior myocardial infarction, or angiographic evidence of significant coronary artery narrowing. Participants were categorized as current smokers or nonsmokers. Finally, CVA was defined as having any history of ischemic stroke, hemorrhagic stroke, or transient ischemic attack.
Statistical Analysis
Statistical analysis was conducted using Mathworks MATLAB 2015 and Microsoft Excel 2013. Comparison of mean thresholds between any 2 groups, such as those with and without particular comorbidities, was done using simple and multivariate regression analysis at a significance level of α = .05. Thresholds were also analyzed with respect to sex and sidedness. Simple linear regression was used to ascertain the Pearson correlation between age and pure-tone average thresholds. In participants with 2 audiograms, the rate of hearing loss was directly quantified by calculating the annual increase in audiometric thresholds at each frequency.
Key Points
Question How is cardiovascular disease associated with hearing in elderly persons?
Findings In this cohort study that reviewed the records of 433 patients aged 80 years or older, cardiovascular disease was primarily associated with worsened low-frequency hearing and with accelerated hearing loss. Of the conditions studied, coronary artery disease had the highest association with audiometric thresholds and was associated with hearing loss at all frequencies.
Meaning Treating underlying cardiovascular disease may prevent or slow the progression of hearing loss, and conversely, hearing loss may suggest underlying cardiovascular disease.
Results
CVD Comorbidity and Hearing Thresholds
The search identified 433 individuals. The mean and median age of the study sample was 89 years, with a standard deviation of 5.8 years about the mean. A total of 359 patients (83% of the population) exhibited sensorineural hearing loss. The remaining 74 (17%) had mixed hearing loss; their bone conduction levels were used in the analysis rather than air conduction levels. Hypertension was the most prevalent of the comorbidities (319 [74%]), while CVA was the least (52 [12%]) ( Table 1) . Of the 433 individuals, 96 had 2 audiograms performed at age 80 years or older from which the rate of hearing loss could be calculated.
There were 64 healthy controls with no CVD comorbidities. Mean (SD) age was 85.8 (3.5) years for healthy controls and 89.6 (5.9) years for affected patients. When compared with patients with at least 1 CVD comorbidity, patients without disease demonstrated better mean LFPTA than those with a disease by a difference of 5.47 (95% CI, 4.15-9.49) dB HL ( Figure 1A ). There was a difference in mean HFPTA of 1.77 (95% CI, −2.02 to 5.56) dB HL between patients with no vs at least 1 CVD comorbidity. When patients with a low comorbidity load (1 or 2 diseases) were compared with patients with a high load (3 or 4 diseases), there was a difference in mean LFPTA of 1.79 (95% CI, −3.28 to 6.86) dB HL and a difference in mean HFPTA of 1.36 (95% CI, −2.45 to 5.17) dB HL.
When the sample was stratified by sex, CAD was associated with an 8.81 dB HL elevation in mean LFPTA (95% CI, 3.90-13.72 dB HL) and 6.82 dB HL elevation in mean HFPTA (95% CI, 2.35-11.29 dB HL) in men. Men with diabetes and hypertension also demonstrated elevations in mean LFPTA of 9.75 (95% CI, 3.32-16.18) dB HL and 8.72 (95% CI, 3.16-14.28) dB HL, respectively. In women, CAD was associated with a 4.27 dB HL elevation in mean LFPTA (95% CI, 0.29-8.25 dB HL). No other comorbidities were associated with LFPTA or HFPTA elevations in women. On analysis of hearing in the left vs right ear, no comorbidity was associated with asymmetrically increased thresholds or decreased WRS.
CVD Comorbidity and Rate of Hearing Loss
The presence of cardiovascular morbidity was associated with faster decline of low-frequency hearing. Low-frequency puretone average had a positive correlation with age in the group of patients with at least 1 comorbidity (Pearson r = 0.34; 95% CI, 0.25-0.43). The correlation between LFPTA and age was weak in the group free of CVD (Pearson r = 0.07; 95% CI, −0.18 to 0.38) ( Figure 2 ). Rate of hearing loss was quantified directly by comparing 2 audiograms. Patients with at least 1 comorbidity Figure 1B ). High-frequency pure-tone average similarly demonstrated a positive correlation with age in the group with CVD comorbidity (r = 0.30; 95% CI, 0.21-0.39) but not in those without comorbidities (r = 0.04; 95% CI, −0.20 to 0.29) (Figure 2 ). However, on direct quantification of hearing decline, there was no difference in the rate of high-frequency loss between participants with CVD and healthy controls. High-frequency puretone average worsened faster in patients with CVD than in healthy patients by 1.43 dB (95% CI, −0.32 to 3.18) HL/y.
Strength of Association of Individual CVD Comorbidity
In general, the study sample had high-frequency hearing loss. There was no difference in HFPTA between healthy controls and patients with comorbidities. However, the presence of comorbidities was associated with low-frequency hearing loss. Simple and multiple linear regressions were calculated to predict HFPTA based on smoking, hypertension, diabetes, CVA, and CAD. Coronary artery disease was the only comorbidity predictive for HFPTA on simple regression, with an effect of 4.39 (95% CI, 1.23-7.55) dB HL ( Table 2) . No risk factor predicted HFPTA on multiple regression. Simple and multivariate regressions were also calculated for LFPTA. Coronary artery disease, diabetes, and CVA were predictive on simple regressions, in order of greatest to least association with hearing loss, with respective effect sizes of 6.07 (95% CI, 2.81-9.34), 5.57 (95% CI, 1.84-9.31), and 5.06 (95% CI, 0.46-9.66) dB HL ( Table 2) . Multiple regression showed no predictive risk factors.
Hearing thresholds at individual frequencies were also analyzed with respect to each comorbidity (eFigures 1-5 in the Supplement). Coronary artery disease was associated with threshold elevations at all frequencies (eFigure 1 in the Supplement). In addition, CAD was also the only condition associated with worsened WRS, showing a reduction of 3.70% (95% CI, 0.38%-7.02%). Smoking was not associated with elevated thresholds at any of the 8 frequencies (eFigure 5 in the Supplement). 
Discussion
This study investigated the association between hearing loss and CVD comorbidities in the older old-individuals 80 years and older. In general, we found that the presence of CVD, and its associated comorbidities, was associated with poorer hearing and a greater rate of hearing loss. The associated hearing loss was greater in the low frequencies than in high frequencies, although this may reflect a ceiling effect. On average, individuals with CVD demonstrated a 5.5 dB HL elevation in mean LFPTA and minimal difference in HFPTA. The association of CVD morbidity with low-frequency hearing decline is consistent with prior reports. 4,6 A 5.5 dB HL elevation in isolation is not clinically significant because it is less than the naturally occurring interaural threshold difference in this age group. 5 However, in this situation, this elevation qualified the mean LFPTA to represent moderate hearing loss, as opposed to mild hearing loss in patients without CVD. Overall, patients with CVD displayed generally downsloping audiograms with a 15-dB HL decline from 0.25 to 2 kHz and less than a 10-dB HL decline from 4 to 8 kHz. This fits a strial pattern based on parameters described by Friedland et al 7 and is consistent with previous findings. A variety of mechanisms have been postulated to affect auditory function. Cardiovascular disease is commonly thought to cause hearing loss due to compromised blood flow to the cochlea. The reduction may be due to microvascular changes in the stria vascularis or to macrovascular changes of the internal auditory artery. Decreased blood flow in the cochlea may directly cause stereocilia cell death. Insufficient nutritive supply to the inner ear may disrupt the electrolyte balance in the endolymph, causing electrical dysfunction of stereocilia. 4 Interestingly, there was no difference in LFPTA or HFPTA between groups with low (1 or 2 diseases) and high comorbidity load (3 or 4 diseases). This lack of difference may be explained by a binary rather than graduated effect of CVD on hearing. One disease alone may cause enough of an insult such that additional disease processes do not further worsen hearing. The lack of difference may be further attributed to inherently protective genes that have allowed the group with high comorbidity load to survive to such elderly age in the first place.
Rate of Hearing Loss
In the presence of CVD comorbidity, there was progression of ARHL in both low and high frequencies that was not observed in the healthy group with absence of CVD cofactors. Direct comparisons of the rate of hearing decline, based on patients who had multiple audiograms, confirmed faster deterioration of mean LFPTA among patients with CVD compared with healthy controls by 0.72 (95% CI, 0.08-1.36) dB HL/y. This finding suggests that in addition to causing lowfrequency hearing loss, CVD may also have a permissive or accelerating effect on both low-and high-frequency ARHL. However, HFPTA did not demonstrate faster deterioration in patients with CVD. We postulate that the lack of an accelerated high-frequency loss reflects a ceiling effect. This phenomenon was first described by Glorig et al, 8 who hypothesized that a diminished hearing reserve at higher frequencies results in slower rates of decline. Despite no acceleration of highfrequency loss in those with CVD, the strengthened correlation of HFPTA with age in this group prompts further investigation into the modulation of ARHL by CVD.
Strength of Association of Each Comorbidity
Of the conditions studied, CAD had the strongest association with hearing thresholds in the older old, with worsened hearing at all frequencies. These results in individuals older than 80 years are consistent with previous investigations reporting an association between CAD and low-frequency hearing loss. 4, 7, 9 More recently, Erkan et al 10 found a positive correlation between the extent of coronary atherosclerosis and degree of hearing loss, noting an effect that extended to 4 kHz. Traditionally, CAD has been associated with a strial pattern of hearing loss, which is hypothesized to be vascular and is associated with only mild loss of word discrimination. 7 In the present study, CAD was the only condition to be associated with a negative effect on WRS, a 3.70% reduction (95% CI, 0.38%-7.02%). Although likely limited, this reduction may have clinical significance because it is greater than the test-retest variability for WRS and is the equivalent of 3 years of age-related decline in WRS in this age group. 5, 11 While this may reflect strial loss or suggest a component of neural loss, which is associated with worsened speech discrimination, it cannot be entirely attributed to CAD alone because the comparison did not control for other comorbidities. Coronary artery disease is an indicator of systemic vascular disease; similarly, it is likely an indicator of cochlear microvascular disease. Diabetes is thought to damage the stria vascularis through nonenzymatic glycosylation, generation of reactive oxygen species, basement membrane disruption, and hair cell excitotoxicity. 12 In the present study, diabetes had the second strongest association with change in hearing thresholds. Despite a logical mechanism and circumstantial evidence highly suggestive of an association with hearing loss, prior studies have yielded inconsistent conclusions. 6, 13, 14 These findings in elderly patients support a previously published National Health and Nutrition Examination Survey study on individuals 40 to 69 years of age, in which the prevalence of low-to mid-frequency hearing loss was 21.3% among diabetics, compared with 9.4% among nondiabetics. 15 Prior CVA can compromise blood flow to the cochlea, vestibulocochlear nerve, or the auditory processing centers. While hearing loss due to vertebrobasilar CVA has been thoroughly studied, there have been limited investigations into the association between CVA in general and sensorineural hearing loss. A retrospective study on 1168 patients determined CVA and transient ischemic attack to have the highest independent association with low-frequency hearing loss, more than other forms of CVD. 7 In a 2009 cross-sectional study, middle-aged adults with moderate to severe hearing loss were more likely to report prior CVA (odds ratio, 2.04; 95% CI, 1.20-3.49). 16 In our population of individuals 80 years and older, prior CVA was associated with low-frequency hearing loss. 17 Hearing loss is likely underdiagnosed in patients with CVA, precipitating important implications on rehabilitation and cognitive health. The identification of hearing loss among the elderly with prior CVA and its subsequent treatment is especially important in the light of recent findings that hearing aid use is associated with improved cognitive function and quality of life. 2, 5 Hypertension is both a microvascular and macrovascular disease. Through the processes of microvascular rarefaction and hypertrophic remodeling of small arteries, it may compromise organ function over time. 18 The present study found hypertension to be associated with poorer low-frequency hearing. A retrospective study examining self-reported hearing loss in female nurses demonstrated a modest association between hypertension and hearing loss (multivariable adjusted relative risk, 1.04; 95% CI, 1.01-1.07). 19 Similarly, a prospective cohort study comparing 32 hypertensive patients with ageand sex-matched controls demonstrated impaired hearing in hypertensive patients at all frequencies (0.125-12.5 kHz). 20 Further investigations into hypertension's effect on hearing are warranted given the extensive prevalence of hypertension and presence of effective treatment. While smoking is a well-established cause of CVD, there has been inconsistent evidence linking it to hearing loss. Recent cross-sectional studies have associated active and secondhand smoking with sensorineural hearing loss in adolescents and middle-aged adults.
21,22 A meta-analysis conducted by Nomura et al, 23 including studies focused mostly on middleaged adults, reported an overall risk ratio of 1.33 (95% CI, 1.24-1.44). Longitudinal data that examined smoking and hearing loss in elderly adults, however, found no association. 6, 24 The present study examines a population much older than previous works and found no significant association with hearing loss. It is possible that while smoking may cause sensorineural hearing loss from adolescence to middle adulthood, the effect of ARHL on overall hearing masks any effects from smoking in old age. This is particularly likely if the effects of smoking are small and predominantly at high frequencies, as demonstrated by Engdahl et al 25 in a 2015 cross-sectional study. The analysis of smoking in the present study is limited by the inability to stratify smokers by lifetime dose. Stratification by pack-year history may have revealed a threshold after which smoking becomes associated with hearing loss.
Sex and Sidedness
Hearing loss is more profound in elderly men than women. While the cause is unclear, it may be related to the otoprotective effects of estrogen. 26 In the present study, elderly men with hypertension, diabetes, or CAD demonstrated worse hearing than their healthy counterparts, while elderly women with these conditions generally did not. It is possible that due to influences from estrogen, vitamin B 12 , and folate, which are otoprotective and generally present at higher levels in women, CVD has a stronger effect on hearing in men than in women. 27, 28 Additionally, the women in this cohort may have had these conditions for a shorter duration or to a less advanced extent, as they benefited from the cardioprotective effects of estrogen premenopausally. The right-ear advantage, referring to better vowelconsonant syllable perception in the right ear than the left, is a well-documented phenomenon. 29 Because the languageprocessing center is lateralized to the left temporal lobe, decussating auditory fibers result in improved WRS in the right ear. Ren et al 14 found that middle-aged patients with type 2 diabetes lose their right-ear advantage. In our elderly study population, we found no evidence of the right-ear advantage. This supports previous findings that peripheral right-ear advantage is lost with age. 12, 30 Therefore, it is likely that the rightear advantage is lost as ARHL worsens and possible that cardiovascular comorbidities accelerate this loss.
Limitations
By selecting participants at the elderly extreme of age, the present study was able to characterize the effects of CVD over time on hearing level and rate of hearing loss. While the sample size was large enough to demonstrate that these effects are low frequency predominant, the study was not sufficiently powered for multivariate analysis to distinguish the isolated effect of each comorbidity. In a practical sense, the study implies that the average patient with CAD may have worse hearing than healthy counterparts, but cannot theoretically distinguish whether this is due to CAD itself or the naturally occurring comorbidities that patients with CAD have. The study population was composed of mostly women, given the inclusion criterion that participants be older than 80 years and the longer life expectancy of women. The study did not take into account the severity of each disease. For instance, there was no differentiation between patients with well-controlled and poorly controlled hypertension or stratification of diabetics by hemoglobin A 1c level. In future studies, considering the degrees of each disease and accounting for other risk factors, such as hyperlipidemia, race, socioeco-nomic status, and prior noise exposure, may better detail the relationship between CVD and hearing loss. It is possible that including these variables in the analysis would expose confounders or reveal underlying effect modification.
Conclusions
In the older old, CVD was associated with low-frequency hearing loss, increasing not only hearing thresholds, but also the rate at which hearing worsened. Low-frequency pure-tone average deteriorated at a faster rate in patients with CVD, and both LFPTA and HFPTA had a stronger correlation with age in the disease group than the healthy group. These findings suggest that CVD may accelerate ARHL in individuals 80 years and older. Of the diseases studied, CAD had the strongest association with hearing and was associated with low, middle, and high-frequency losses. Diabetes, hypertension, and history of CVA were associated with low-frequency loss. Smoking was not associated with hearing loss in this population, likely because smoking-related losses were overtaken by ARHL. In general, men were more susceptible than women to the effects of CVD on hearing, possibly owing to the cardioprotective effects of estrogen. Future studies are needed to investigate the relationships between severity of CVD and its treatment and hearing impairment.
